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(54) Title: MICROMACHINED ULTRASONIC TRANSDUCERS AND METHOD OF FABRICATION 

(57) Abstract: There is described a micromachined ultrasonic transducers (MUTS) and a method of fabrication. The membranes 
of the transducers are fusion bonded to cavities to form cells. The membranes are formed on a wafer of sacrificial material. This 
permits handling for fusions bonding. The sacrificial material is then removed to leave the membrane. Membranes of silicon, silicon 
nitride, etc. can be formed on the sacrificial material. Also described are cMUTs. pMUTs and mMUTs. 
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5 MICROMACHINED ULTRASONIC TRANSDUCERS 

AND METHOD OF FABRICATION 

RELATED APPLICATION 

10 

This application claims priority to U.S. Provisional Application Serial No. 60/402,220 
filed August 8, 2002. 

BRIEF DESCRIPTION OF THE INVENTION 

15 

This invention relates generally to micromachined ultrasonic transducers (MUT) and 
more particularly to a method of fabricating micromachined ultrasonic transducers using wafer- 
bond technology and to the resultant MUTs. 

20 BACKGROUND OF THE IhfVENTION 

Ultrasonic transducers have been used in a number of sensing applications such as a 
medical imaging non-destructive evaluation, gas metering and a number of ultrasound generating 
applications such medical therapy, industrial cleaning, etc. One class of such transducers is the 
25 electrostatic transducer. Electrostatic transducers have long been used for receiving and 

generating acoustic waves. Large area electrostatic transducer airays have been used for acoustic 
imaging. The electrostatic transducer employs resilient membranes with very little inertia 
forming one plate of an electrostatic transducers support above a second plate. When distances 
are small the transducers can exert very large forces. The momentum carried by approximately 
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half a wavelength of air molecules is able to set the membrane in motion and vice- versa. 
Electrostatic actuation and detection enables the realization and control of such membranes. 
Alternatively the membranes can be actuated using piezoelectric and magnetic transducers. 
Broad band microfabricated capacitive ultrasonic transducers (cMUTs) may include 
5 multiple elements including identical or different size and shape membranes supported above a 
silicon substrate by walls of an insulating material which together with the membrane and 
substrate define cells. The walls are formed by micromachining a layer of insulation material 
such as silicon oxide, siUcon nitride, etc. The substrate can be glass or other substrate material. 
The capacitive transducer is formed by a conductive layer or the membrane and conductive 

10 means such as a layer either appUed to the substrate or the substrate having conductive regions. 
In other types of broadband ultrasonic transducers in which the membranes are actuated by 
piezoelectric transducers (pMUTs) the cell walls need not be made of insulating material. 

The fabrication of capacitive micromachined ultrasonic transducers has been described in 
many publications and patents. For example U.S. Patent Nos. 5,619,476; 5,870,351 and 

15 5,894,452, incorporated herein by reference, describe the fabrication of capacitive or electrostatic 
type ultrasonic transducers in which the membranes are supported above a substrate such as 
sihcon by insulative supports such as siUcon nitride, silicon oxide or polyamide. The supports 
engage the edges of each membrane to form a cell or cells. A voltage appUed between the 
substrate and conductive fihn on the surface of the membranes causes the membranes to vibrate 

20 and emits sound, or in the altemative, received sound waves cause the membranes to vibrate and 
provide a change in capacitance. The membranes can be sealed to provide operation of the * 
transducers immersed in liquids. Generally the transducers include a plurality of cells of the 
same or different sizes and/or shapes. In some applications the multi-cell transducer elements 
are disposed in arrays with the electrical excitation of the elements controlled to provide desired 

25 beam pattems. The same technology can be employed to fabricate pMUTs and mMUTs. 

Generally the membranes in the prior art cMUTs are grown or deposited on an insulating 
film and the insulating film is selectively etched through openings in the membrane to provide 
underlying cavities. Membrane properties which depend upon the process parameters and the 
predictability, reproducibility and uniformity of the membranes are compromised. Further the 

30 formation of membranes with underlying cavities requires complex processing steps. 
Furthermore it is difficult to generate complex cavity membrane stmctures using the 
conventional MUT fabrication technology of the prior art. 
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OBJECTS AND SUMMARY OF THE INVENTION 

It is a general object of the present invention to provide a method of fabricating 
5 micromachined ultrasonic transducers by employing fusion wafer bonding technology. 

It is another object of the present invention to provide a method of fabricating MUTs 
with cells having fusion bonded membranes having prescribed properties. 

It is a further object of the present invention to provide MUTs with membranes made of 
single crystal silicon whose mechanical properties are well known and do not depend on process 
10 parameters. 

It is another object of the present invention to provide a method of fabricating MUTs in 
which the membrane is formed from the silicon on a silicon-on-insulator (SOI) wafer. 

It is a further object of the present invention to provide a method of fabricating MUTs in 
which the shape and size of the membrane are defined by photolithography techniques which 
15 allows the building of membranes of virtually any size and shape. 

It is a further object of the present invention to provide a method of fabricating MUTs 
with single crystal membranes having regions of different thickness. 

There is provided a method of fabricating MUTs which employs photolithographic 
definition and etching of an oxide layer to define cavity size and shapes of the MUT cells, fusion 
20 bonding of the silicon side of a silicon-on-insulator wafer, the oxide layer and a support wafer, 
removal of the back side and the oxide layer of the silicon-on-insulator wafer to form a silicon 
membrane and to MUTs which include as a membrane the silicon layer of an SOI wafer. 

There is provided a method of fabricating MUTs having cells with membranes supported 
by a substrate which employs photolithographic definition and etching to form cell walls of 
25 selected shape and cavity size, providing a wafer which includes a layer of material which is to 
form the membrane and fusion bonding the layer to the cell walls and a support substrate, 
removing the wafer to leave the layer of material to form the membrane whereby to fomi walls 
defined by the membrane, cell walls and the substrate. 

There is provided a method of fabricating cMUTs comprising selecting a siUcon wafer 
30 and a silicon-on-insulator wafer, forming a thermal oxide layer of predetermined thickness on 
the silicon of the wafer or on the siUcon of the SOI wafer, defining the shape and size of the 
cavity by selectively removing the thermal oxide by photolithography and etching, fusion . 
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10 



bdnding the wafers and removing the insulator and oxide from the silicon-on-insulator wafer to 
leave the silicon layer to form a membrane supported on the patterned oxide. 

There is provided a capacitive micromachined ultrasonic transducer in which the 
transducer membrane comprises the silicon layer of a silicon-on-insulator wafer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects of the invention will be more clearly imderstood from 
the following description when read in conjimction with the accompanying drawings of which: 



Figures 1.1 through 1.9 illustrates the steps of forming a cMUT in accordance with one 
embodiment of the present invention; 

Figure 2 is a sectional view illustrating an alternative embodiment of the processed wafer 

of Figure 1.3; 

15 Figures 3.1 through 3.7 illustrates the steps in forming a cMUT in accordance with 

another embodiment of the present invention; 

Figures 4.1 through 4.3 illustrates the steps in forming a cMUT in accordance with still a 
further embodiment of the present invention; 

Figures 5.1 through 5.6 illustrates the steps in forming a cMUT including a membrane 
20 having portions of different thicknesses in accordance with still another embodiment of the 
present invention; 

Figure 6 illustrates a cMUT in accordance with a fiirther embodiment of the invention; 
Figure 7 illustrates a cMUT in accordance with another embodiment of the present 
invention; 

25 Figure 8 illustrates the first and second resonant frequencies in air as a function of the 

extra mass on the membrane of Figure 7; 

Figure 9 illustrates the ratio of the first and second resonance frequencies of Figure 8; 

Figure 10 illustrates a cMUT in accordance with still another embodiment of the present 
invention; 

30 Figure 1 1 illustrates a pMUT fabricated in accordance with another embodiment of tiie 

present invention; 

Figures 12 and 13 illustrates mMUTs fabricated in accordance with another embodiment 
of the present invention; 
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Fi'gure 14 schematically illust-ates the formation of a then layer which serves as a 
membrane for fusion bonding in accordance with tiie present invention; and 

Figures 15.1-15.4 illustrates the steps of forming another membrane for fusion bonding 
in accordance with the present invention. 

5 

DESCRIPTION OF PREFERRED EMBODIMENT(S) 

The febrication of cMUTs having silicon membranes formed by fusion bonding of 
siUcon-on-oxide wafers to siUcon oxide cell wall is first described followed by a description of 
10 use of the same technology to form pMUTs and mMUTs. This is followed by a description of 
using the same fusion bonding process to fabricate other types of membranes having selected 
characteristics. 

Referring to Figures 1.9 and 3.6, cMUTs in accordance with the present invention 
include cells on a support wafer 1 1 with a plurality of cells 12 having oxide walls 13 and silicon 

1 5 membranes 1 4 formed by fusion bonding of the silicon of a silicon-on-oxide wafer to the oxide 
walls. Conductive electrodes comprise the wafer 11 and the conduction layers 16 (Figure 1 .9). 
In Figure 3.7 where like parts are represented by the same reference numbers the electrodes 
comprise the implanted region 17 and the conductive layers 16. 

The steps of forming cMUTs in accordance with Figure 1.9 employ fusion wafer bonding 

20 under vacuum are illustrated and described with reference to Figures 1 . 1 through 1.9. The 

process starts with two wafers. The first wafer 1 1 is a prime quality siUcon wafer which is cal led 
a carrier wafer (Figure 1.1). This wafer will make up the bottom electrode of the cMUTs. It can 
be a low resistivity wafa: which makes it a conductive backplate or it can be a high resistivity 
wafer and doped selectively to define a patterned back electrode. The second wafer is a silicon- 

25 on-insulator (SOI) wafer as illustrated in Figure 1.5. The silicon thickness of the SOI wafer will 
determine the membrane thickness. The SOI wafer includes a silicon support wafer 21 , an oxide 
layer 22 and the silicon layer 14 which forms the cMUT membranes. The SOI wafer is chosen 
to meet the design requirements for thickness and characteristics of the membrane. 

The first steps are to define cavity size and shape. First the carrier wafer is thermally 

30 oxidized to form oxide layers 24 and 26 (Figure 1 .2). The thennal oxide thiclcness determines 
the cavity height of the cMUT. It is chosen to meet the design requirements. A 
photolithography step forms a suitable mask with openings defining the cavity shape. This is 
followed by an etch step such as a plasma etch to define the cavity. It is apparent that the 
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cavities can be of virtually any size and shape (Figure 1.3). The dry etching of the silicon 
dioxide layer stops at the silicon wafer so that the cavity depth is determined by the initial 
thermal of oxide. If it is desired to have deeper cavities, an additional silicon etch (dry or wet) 
can be used to define a deeper cavity if needed as iUustrated in Figure 2. In order to estabUsh an 
5 electrical isolation between the bottom electrode and the top electrode (the SOI silicon) a thin 
layer of oxide 27 is thermally grown on the carrier wafer as shown in Figure 1.4. This prevents 
possible shorts and device failure if the membrane is collapsed to a pomt where it contacts the 
bottom of the cavity. 

The next step is to form the cMUT membrane. The SOI wafer is placed over the carrier 

10 wafer with the thin silicon layer 14 facing the carrier wafer. Figure 1 .6. The two wafers are then 
bonded by fusion wafer bonding under vacuum. If the bonding is done under very low pressure, 
the formed cavities or cells are vacuum sealed. Following this step the thick silicon portion 21 
of the SOI support wafer on the back side and the oxide layer 22 are removed, Figure 1 .7. This 
can be done by a grinding and etchmg process whereby only the thin silicon layer which forms 

15 the membrane over the cavities remains. Figure 1.7. The oxide layer 26 on the carrier wafer is 
also removed. The next step is to form the top electrodes. However, prior to the electrode 
formation another photolithography and dry etch sequence can be performed. With this step the 
top silicon and oxide layers around the periphery of the device are removed as shown in Figure 
1.8. There are two reasons for this, one is to isolate individual elements electrically from 

20 neighboring elements in an array. The other reason is to malce electrical contact to the carrier 
wafer which makes up the bottom electrode of the cMUT. A thin layer of metal 16 is then 
deposited over the membrane to make up the top electrode. Figure 1 .9. The top electrode can be 
patterned by photolithography and etch sequences to reduce parasitic capacitance. Thus there are 
formed cMUTs having evacuated cells or cavities with a single crystal siUcon membrane whose 

25 thickness and characteristics can be controlled by controlling the fabrication of the SOI wafer. 

Using the fusion wafer bonding techniques and SOI wafers, cMUTs with electrical 
through wafer interconnects can be fabricated. In this embodiment the carrier wafer is processed 
to provide through wafer interconnects. A wafer witli through wafer interconnect is illustrated in 
Figure 3.4. The wafer is preprocessed with the electrical through wafer interconnect technology 

30 so that the electrical connections, both signal and ground, of the front side pads have connections 
on the back side of the carrier wafer. Briefly, the interconnect wafer includes a body of high 
resistivity silicon 31 into which have been implanted N type and P type regions forming a pn 
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junction 32, a thermal oxide layer 33 is grown for isolation. The wafer with through wafer 
interconnects could be processed in the same manner as the wafer of Figure 1 . 1 to define the 
cavities having silicon oxide walls onto which is fusion bonded the SOI wafer. However, a 
totally differottt process can be practiced for forming the device shown in Figure 3.6. The SOI 
5 wafer of Figure 3.1 including a back support 21, oxide layer 22 and silicon layer is thermally 
oxidized, Figure 3.2, with the resulting silicon oxide layer 34 with thickness which determines 
cavity depth. The initial SOI wafer and the thermal oxidation conditions are chosen to meet the 
design requirements for membrane thickness and characteristics, and cavity depth. A 
photolithogr^hy and dry etch sequence follows tiie thermal oxidation step to define the cavity 

1 0 shape and size which is equivalent to the membrane shape and size, Figure 3 .7. The formation 
of membrane is very similar to the one described above. The SOI wafer and carrier wafer are 
fusion bonded. Figure 3.4, using fusion bonding techniques under low pressure resulting in 
vacuum sealed cavities. The back of the SOI wafer is ground and etched away to remove the 
silicon and sihcon dioxide layers 21, 22 leaving a thin layer of silicon which forms the 

15 membrane of the capacitive micromachined ultrasonic transducer. This is followed by a 

metallization step which is sUghtly different fi-om the one described above, hi this case the top 
electrode serves as the ground and is therefore connected to tiie silicon substrate of the carrier as 
shown at 34 in Figure 3.7. In the case of two-dimensional cMUT arrays for which the electrical 
through wafer interconnect are most relevant the top electrode is the ground electrodes and 

20 connects all the array elements. On the other hand, the signal electi-ode of each element is 
individually brought back to the back side of the carrier wafer through the electrical through 
wafer interconnects. It is apparent firom the foregoing two processes that the size and 
configuration is determined by photolithographic steps the cavity depth by oxide tiiickness and 
etching, and ttie membrane characteristics by the thin silicon layer of the SOI wafer. In all 

25 instances the cavities are vacuum sealed and the cMUT is operable both in air and in submersion 
applications. 

The wafer bonding technology for fabricating cMUTs allows the design of complex 
cavities. In this way it is possible to solve some of the problems associated with cMUTs. The 
following is one variation of the wafer bonding technology to create a complex cavity stnicture 
30 with non-bonded posts which may be used m various applications. For example it may be used 
to solve the big deflection and stiffening problem due to large initial pressure loads for cMUT 
applications in the low firequency range. Referring to Figure 4. 1, tiie starting materials are the 
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sariie as used in connection with the embodiment of Figures 1.1 through 1.9. The first part of the 
cavity definition is identical to the one described with regard to Figure 1 .3 (Figure 4. 1). Another 
photolithography a dry silicon etch step is used to define a second cavity structure inside of the 
first cavity as shown in Figure 4.2. A short thermal oxidation step follows to create a thin layer 
of oxide 42 on the silicon to establish 'an electrical isolation between the bottom and top 
electrodes. Membrane formation and electrode definition is identical to that described with 
regard to Figures 1 .5 through 1 .9 and results in the device of Figure 4.3 which shows supporting 
oxide posts 43 and non-bonded post 44. 

As is apparent from the foregoing, in cMUT transducers the membranes are supported 
from their edges. That is, the edges of the membranes are clamped and therefore do not move. 
As one goes toward the center of the membrane, the movement in response to actuation voltages 
increases. In other words the edges of the membrane do not contribute to the radiated pressure 
as much as the center which actually means a loss of efficiency. Using the flexibility of the 
wafer bond technology, cMUTs can be designed with piston-like movements which results in 
increased efficiency. This is achieved by putting an extira mass at the center of the membrane. 
Moreover, in a usual cMUT membrane thickness is unifonn tiirough the membrane, which 
determines both the spring constant and the mass. There are two critical parameters that 
detennine the mechanical response of the cMUT. By using wafer bond technology to fabricate 
cMUTs, one can put extira mass at tiie center of the membrane and adjust the spring constant and 
the mass of the membrane independentiy. For a fixed design frequency one can select different 
effective mass and spring constants selection of the location of the piston part one can 
manipulate tiie harmonic response of the cMUT. The process flow illustrated in Figures 5.1 
through 5.7 illustirate methods of fabricating cMUTs with piston-like membranes. 

In fabricating a device one starts with two SOI wafers and a prime quality silicon wafers. 
The first step is to define the extra mass. For this purpose tiie first SOI wafer is patterned with a 
photolithographic and dry etch sequence which defines the extira mass areas which will stick to 
tiie membrane, Figure 5.1. In tiiis step tiie tiiin silicon layer of tiie SOI wafer is selectively 
etched to leave regions or islands of predetermined shape, size and thickness to meet the design 
requirements for tiie added mass to be intioduced to the membrane. This wafer is tiien fusion 
bonded to tiie second SOI wafer as illustiated in Figure 5.2. The support portion, an oxide of the 
first SOI wafer, is ground and etched away, leaving leaving an SOI wafer with extia mass of 
siUcon 51 on tiie silicon layer 52 of tiie second SOI wafer. 
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• The prime quaUty carrier silicon wafer 1 1 is thermally oxidized to define the cavity depth 
and the cavity shape and size are defined photoUthographically and dry etch sequence removes 
the exposed oxide. The cavity depth must be larger than the thickness of the extra mass on the 
thin siUcon layer of the SOI wafer. Depending on the design, thermal oxidation may not be 

5 enough to define the cavity depth, and a further siUcon etch may be required as illustrated in 
Figure 2. The carrier wafer is then thermally oxidized 57 again to grow the thin layer of silicon 
dioxide for electrical isolation purposes, Figure 5.4. The carrier wafer and the SOI wafer with 
the extra siUcon mass on the thin siUcon layer are fuse bonded under vacuum as illustrated in 
Figure 5.5. The extra masses on the SOI wafer are aligned with the cavities on the carrier wafer. 

10 The handle portion or the support portion of the SOI wafer together with the siUcon dioxide is 
removed by grinding and etching, leaving the silicon membrane with extra silicon masses and 
vacuum sealed cavities such as shown in Figure 5.6 which also shows the appUcation of 
electrodes by following the steps of isolation and electrode definition described in relation to 
Figures 1.8 and 1.9. The cMUT includes membrane 14 with extra mass 51, cavities 12, and 

15 electrodes 16. Alternatively, the oxide can be formed on the siUcon of the SOI wafer as in the 
process of Figure 3. 

By combuiing complex cavity structures such as those described with regard to Figure 4 
and membranes with extra masses as described in relation to Figure 5, one can achieve all the 
advantages of both. Such a device is illustrated in Figure 6 where like reference numbers are 

20 appUed to like parts. 

cMUTs are resonant structures in air with a fairiy higli quality factor. However, in 
immersion the acoustic unpedance of the medium dominates die mechanical impedance of the 
cMUT, resulting in a very broad band operating frequency. Over 100% bandwidth are typical 
with cMUTs. It is possible to increase the bandwidth of the cMUTs further by using an extra 

25 mass underneath the membrane which is made possible with the foregoing described wafer 
bonding technology. In immersion the lower end of the frequency response of the cMUT is 
determined by the overall size of the transducer. When the frequency becomes so low the device 
is much smaller than a wavelength, the output pressure of the cMUT drops. The higher end of 
the cMXJT's frequency response is limited by the second resonance of the membranes. By 

30 pushing the second resonance of the cMUT membranes at the higher frequencies it is possible to 
increase the bandwidth. For example an extra mass defined in the shape of a ring 61 formed on 
the membrane 62 supported on the carrier wafer 63 by oxide layer 64. The dimensions are 
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shown in figure 7 for one example. Figure 8 shows a plot of the first two resonant frequencies 
of the membrane shown in Figure 7 as a function of thickness of the mass. Figure 9 is a plot of 
the ratio of the two frequencies showing a definite increase in second resonance frequency with 
respect to the first. 

The method of creating complex cavity structures described with regard to Figure 4 can 
be used to address other problems. Instead of posts inside the cavity, pistons can be created as 
shown in Figure 10. One of the problems this structure can bring solution to is the parasitic 
capacitance. In a cMUT any non-moving capacitance, and any fringing capacitance is 
considered as a parasitic capacitance because they neither generate or detect any acoustic waves. 
Normally the top elecfrode is patterned to reduce the parasitic capacitance by minimizing the 
metalUzation area over the non-moving region. The bottom elecfrode can be patterned too, to 
decrease the parasitic capacitance fiirther. But still there vnll be unavoidable flinging 
capacitance. Using the wafer bonding technology to make cMUTs, one can design and master 
the cavity shape to minhnize fringing fields which would fiirther improve the performance of a 
cMUT. 

As briefly described above, the same fiision bonding process can be employed to 
fabricate pMUTs and mMUTs. Rather than applying a conductive layer to form cMUTs, Figiues 
1.9, 4.3, 5.6, 6 and 7, one may form a piezoelectric transducer or a magnetic transducer on the 
membrane. This is schematically iUusfrated in Figures 1 1, 12 and 13 for a single cell. 

Referring to Figure 1 1, the cell includes a substrate 51 which is micromachined to form 
cell walls 52. The cell walls can also be formed by micromachining oxide or other layers. The 
membrane 53 is fusion bonded to the walls and piezoelectric transducer 54 is deposited onto the 
membrane. The fransdcuer includes metal elecfrodes 56, 57 and piezoelectric material 58. A 
voltage appUed between the elecfrodes generates sfress in the piezoelectric material and vibrates 
the membrane to generate acoustic waves. Sfress in the piezoelectric material is measured 
acoustic waves received by the pMUT. 

In Figures 12 and 13 like reference numerals have been appUed to parts like those of 
Figure 11. Figure 12 shows a coil 61 on the membrane 53 while Figure 13 shows a magnetic 
material 62 on the membrane 53. The membrane is vibrated by magnetic fields 63 to generate 
acoustic waves or vibration of the membrane is magnetically sensed. 

Although siUcon membranes fabricated by fiision bonding siUcon-on-oxide wafers to 
form cells has been described, the fiision bonding of membranes of other materials can be 
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implemented. For example the membrane may be formed by depositing or epitaxially growing a 
film of material 66 (e.g. Six, Nx, Sil, etc.) onto a carrier wafer 67 of sacrificial material. Figure 
14, which can be removed after the fihn or layer has been fiision bonded to form the cell 
membrane. In the alternative the membrane can be defined by fiision bonding a wafer of desired 
material and then removing wafer material by etching, grinding and poUshing to leave a 
membrane of desired thickness. 

hi a fiirther method a wafer 68, Figure 15.1, of the desired membrane material is 
implanted to form a highly stressed interface 69 and fusion bonded to the walls 71 of cells 72, 
Figure 15.2. The assembly is then subjected to a thermal cycle (shock) to separate the thin layer 
of stressed material firom the bulk, Figure 15.3, and then fine polished, Figure 15.4, leaving 
MUTs with a membrane 73 of selected material and characteristics. 

Thus there have been provided MUTs having a membrane whose thickness and 
characteristics can be closely controlled to provide increased predictability, uniformity and 
repeatability of MUT devices. Furthermore, MUT devices can be configured to provide 
enhanced operation such as improved acoustic characteristics and reduction of parasitic 
capacitance. 
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CLAIMS 

What is claimed is: 

1 . The method of fabricating a microfabricated ultrasonic transducer comprising the 

stqjs of: 

selecting a silicon carrier wafer; 

selecting a siUcon-on-insulator wafer having a thin silicon layer supported on an oxide 

layer; 

thermally oxidizing either the silicon wafer or the silicon layer of the silicon-on-insulator 
wafer to form a sihcon oxide layer of predetermined thickness; 

applying a mask having openings of predetermined size and shape, to expose areas of the 
oxide layer; 

etching away the oxide at the exposed openings to define oxide walls; 

bonding the two wafers with the thin silicon layer facing the silicon carrier wafer and 
spaced therefrom by the oxide layer whereby cells are formed; and 

removing the wafer and oxide layer of the silicon-on-oxide-on insulator wafer leaving the 
thin siUcon membrane supported spaced from the siUcon carrier wafer by the siUcon oxide. 

2. A method as in claim 1 in which the oxide layer is formed on the silicon carrier wafer. 

3 . The method of claim 1 in which the oxide is formed on the silicon layer of the silicon-on- 
oxide insulator. 

4. The method as m claim 2 including the additional step of applying a thin oxide layer over 
the support oxide and carrier wafer prior to bonding. 

5. The method of claim 3 including the steps of forming a thin oxide layer on the carrier 
wafer prior to bonding the wafers. 

6. The method of claim 1 including the additional steps of selecting an additional silicon- 
on-insulator wafer having a thin silicon layer supported on an oxide layer; 

masking an etching away portions of said thin silicon layer to leave islands of 
predetermined size and shape; 

bonding said islands to the thin silicon of the siUcon-on-insulator wafer; 
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• removing the oxide and wafer to leave the selected wafer with a thin silicon layer having 
areas of different thicknesses whereby the resulting siUcon membranes have areas of different 
thicknesses. 

7. The method of claim 2 including the additional step of etching the carrier wafer between 
the oxide cavity walls to configure the bottom wall. 

8. The method of claim 3 including the additional step of etching the carrier wafer between 
the oxide cavity walls to configure the bottom wall. 

9. The method of forming an ultrasonic transducer the type comprising a membrane 
supported on a carrier wafer by patterened oxide supports of predetermined size and shape; 

selecting a carrier wafer; 

selecting a siUcon-on-insulator wafer having a thin siUcon layer supported by an oxide; 

forming an oxide layer of predetermined thickness and by masking and etching removing 
the oxide layer firom selected regions to provide regions of predetermined size and shape; 

bonding the carrier and silicon of the silicon-on-insulator wafer; and 

removing the support oxide and wafer leaving the silicon layer to form membranes which 
defines cavities of predetermined size and shape. 

10. An ultrasonic transducer the type having cells with one wall defmed by membrane 
comprising: 

a silicon body having a surface forming one wall of the cavity; 
a silicon oxide layer configured to define the side walls of said cavities; and 
a membrane supported fused to and supported space fi-om the silicon body by said silicon 
oxide walls to define with said silicon body and said cells. 

11. An ultrasonic transducer as in claim 10 wherein said siUcon membrane at each of said 
cells has regions of different thickness. 

12. An ultrasonic transducer as in claim 10 wherein said silicon body is configured with 
regions of different height at each of said cells. 
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1 3*. Aft ultrasonic transducer as in claim 10 wherein said silicon membrane at each of said 
cell has regions of different thicknesses and wherein said silicon body is configured with regions 
of different height at each of said cavities. 

14. An ultrasonic transducer as in claim 10 wherein the single crystal membrane is formed by 
the silicon layer of a silicon-on-insulator wafer. 

15. The method of fabricating a micromachined ultrasonic t:-ansducer which comprises the 
steps of: 

micromachining a carrier wafer to form cavities of selected size and shape, said cavities 
having membrane support walls; and 

fusion bonding a membrane of selected material having selected mechanical 
characteristics to said support walls whereby to form cells. 

16. The method of claim 15 which includes the step of forming a piezoelectric transducer on 
the membrane of each of said cells. 

17. The method of claim 15 which includes the step of forming a magnetic transducer on the 
membrane of each of said cells. 

1 8. The method of claim 15 which includes the step of forming a conductor electrode on said 
membrane whereby it can be electrostatically vibrated. 

19. The method of claim 15 in which the membrane is a layer supported on sacrificial 
material and the sacrificial material is removed after the fusion bonding. 

20. The method of claim 1 5 in which the layer is a stressed region in a sacrificial material 
and the unstressed material is removed by thermal shock. 

21. The method of fabricating ultrasonic transducers which comprises the steps of defining 
cavities by micromachining a support structure and fiision bonding under vacuum a membrane 
to the support structure to seal the cavities and form evacuated cells. 

22. The method of claim 21 including the steps of forming piezoelectric transducer to vibrate 
the m^brane. 
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23'. The method of claim 21 including the steps of forming magnetic transducer to vibrate the 
membrane. 

24. The method of claim 21 including the steps of forming electrostatic transducers to vibrate 
the membrane. 

5 
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